We report on our studies of the neutron-skin effects in high-p T observables at the LHC. We study the impact of the neutron-skin effect on the centrality dependence of inclusive direct photon, highp T hadron and W ± production in nuclear collisions at the LHC. The neutron-skin effect refers to the observation that in spherical heavy nuclei, the tail of the neutron distribution extends farther than the distribution of protons, which can affect observables sensitive to electroweak phenomena in very peripheral collisions. We quantify this effect for direct photons, charged hadrons and W bosons as a function of the collision centrality. In the case of direct photons we find that it will be difficult to resolve the neutron-skin effect, given the uncertainties in the nuclear PDFs and their spatial dependence. With charged hadrons and W's, however, up to 20 % unambiguous effects are expected for most peripheral collisions.
Introduction
The geometry of a nuclear collision is determined by the impact parameter, the distance between the centers of the colliding nuclei. The impact parameter cannot be directly measured experimentally but a correlation between the event activity and the impact parameter is expected. Typically the energy measured in a given part of a detector is used to classify the events in terms of centrality. Theoretically, the corresponding centrality classification can be done either with the Optical Glauber model, where the centrality classes are defined as impact parameter intervals, or with the Monte-Carlo Glauber, which takes into account the fluctuations in the nucleon configurations and uses the number of binary collisions as a measure of centrality. In principle it is by no means guaranteed that the experimental and theoretical classifications would be equivalent, but in the case of heavy-ion collisions (e.g. Pb+Pb) the theoretical and experimental centrality classifications are found to produce similar results for many observables. In a collision of a small projectile and a large target (e.g. p+Pb), however, the experimental centrality measures have been noticed to induce a non-trivial correlation between the centrality determination and the high-p T observable.
In this talk we quantify the impact of the neutron-skin (NS) effect on the centrality dependence of inclusive direct photon, charged hadron and W ± production in nuclear collisions at the LHC. The NS effect refers to the observation at MeV-scale experiments that the tail of the neutron density distribution extends farther than in the case of the proton density [1] . This influences the centrality dependence of the observables sensitive to electroweak couplings. The results presented here are from Refs. [2, 3] . Once confirmed in high-energy experiments, the NS effect could help, in turn, to also calibrate the centrality classification methods at the LHC.
Framework
Both the Optical and Monte-Carlo Glauber models require the nuclear density distribution as an external input. The density can be described with the two-parameter Fermi (2pF) distribution
where the parameter R A describes the nuclear core size, d A the thickness of the nuclear skin, and ρ A 0 is fixed by the normalization d 3 r ρ A (r) = A, where A is the nuclear mass number. Canonically the parameters in 2pF distribution are taken to be the same for protons and neutrons. However, when the NS effect is taken into account, different parameter values for proton and neutron density should be used. We use the values from Ref. [1] which are listed in Table 1. proton neutron R Pb 6.680 fm 6.70 ± 0.03 fm d Pb 0.447 fm 0.55 ± 0.03 fm Here, the centrality classification is done using Optical Glauber model where the total inelastic cross section in a collision of nuclei A and B can be calculated from
where the nuclear overlap function is obtained from
The transverse vectors are defined as s 1 = s + b/2 and s 2 = s − b/2, and the nuclear thickness for nucleons of type i is obtained from
gives the total inelastic nucleon-nucleon cross section at a given collision energy √ s NN for which we use values
76 TeV) = 65 mb and σ inel NN ( √ s NN = 5.0 TeV) = 70 mb from Ref. [4] . The impact parameters corresponding to a given centrality class C k are then obtained by requiring that the integral over the range [b k , b k+1 ] yields a certain fraction of the total inelastic cross section.
The hard-process cross section in a given centrality class is then computed by
where the indices i and j run over different combinations of protons and neutrons. The hard nucleon-nucleon cross section σ hard i j (A, B, s 1 , s 2 ) is calculated as a convolution between the nuclear parton distribution functions (nPDFs) and the partonic coefficient functions. The spatial dependence of dσ hard i j (A, B, s 1 , s 2 ) follows from the spatial dependence of the nPDFs, which we take from EPS09S [5, 6] . The needed free nucleon PDFs are from the CT10 analysis [7] .
Direct photons
The cross section for inclusive direct photon production is calculated at next-to-leading order (NLO) using the INCNLO code [8] and applying the BFG-II parton-to-photon fragmentation functions (FFs) [9] . Figure 1 shows the nuclear modification factor for the direct photons at 70-80 % and 90-100 % centralities with and without the NS effect. Also the minimum bias (MB) result (0-100 %) is plotted for comparison. The uncertainty bands are derived from the nPDF error sets and from the uncertainties in the 2pF distribution. The NS effect has a larger impact at high-p T where the sensitivity to the valence quarks gets increased. At the highest p T values the NS effect generates a few-percent suppression for the 70-80 % centrality due to the neutron-involving collisions in which the valence quark carry less charge (in comparison to the valence quarks of the proton), and a bit stronger suppression for the 90-100 % class. The uncertainty arising from the 2pF distribution is very small in the 70-80 % bin since the "valence-quark-from-proton" contribution dominates the cross section which is not directly sensitive to the neutron 2pF-distribution variations. In the 90-100 % bin the 2pF uncertainty is larger since the relative amount of protons becomes smaller at high impact parameters. However, the nPDF uncertainties are still larger than the NS effect, and since the centrality dependence of the nPDFs has an opposite effect than the NS effect, it is difficult to distinguish the NS effect with direct photons. Some of the nPDF uncertainties cancel out when considering central-to-peripheral ratio, see Ref. [3] .
Charged hadrons
In the case of charged hadrons we consider the ratio between the cross sections for negative and positive high-p T hadrons, h − /h + . The cross sections are calculated by convoluting the NLO partonic spectra with parton-to-hadron FFs using the INCNLO code. Two FF analyses are considered, DSS [10] and KRETZER [11] . Here, we do not try to model possible final state effects as we are mainly interest in the region p T 100 GeV/c where e.g. energy-loss phenomena can be expected to become negligible [12] . In addition, at lower p T , where the final state effect are important, the kaon-to-pion and proton-to-pion ratios have been observed to be the same in Pb+Pb and p+p collisions [13] , suggesting that the final state interactions are not important in the ratio h − /h + .
The ratios h − /h + for two centrality classes, 70-80 % and 90-100 %, are shown in Figure 2 for η = 0 and |η| = 2, normalized by the ratios in MB collisions. As expected, the nPDF effects and also their centrality dependence cancel out in this observable, although a small uncertainty originating from the nPDFs is still visible. This uncertainty is, however, much smaller than the NS effect and also significantly smaller than the uncertainty that originates from the 2pF distribution. The 2pF uncertainty is larger than in the case of photons since the the cross section for negative hadrons is more sensitive to the parameter variations of the neutron distribution. At η = 0 the NS effect generates an increase up to 20 % for the h − /h + ratio at the highest values of p T for the most peripheral collisions. With |η| = 2 a similar effect is seen already around p T ≈ 200 GeV/c [3] .
W production
The W production is studied with charged leptons coming from W ± → l ± ν decays. The cross sections are calculated at NLO using the MCFM code [14] and we consider the ratio between positive and negative lepton cross sections (l + /l − ) to quantify the NS effect. The nPDF effects are not included since they are expected to cancel out (see Ref. [2] ), which is supported by the results for charged hadron production above. Figure 3 shows the rapidity dependence of the l + /l − ratio integrated over p l ± T > 25 GeV/c for p+Pb and Pb+Pb collisions at the LHC in 70-80 % and 90-100 % centralities, normalized with the MB result. The NS effect is more pronounced at large rapidities where the cross sections are more sensitive to higher nuclear x. In general, the effects are of the similar order as in the h − /h + ratio and also the 2pF uncertainties are of a similar size. Currently, the most accurate experimental measurements of W ± production in lead-lead collisions come from the ATLAS collaboration [45] . The data for W + /W − ratio are plotted in Figure 3 and compared to the calculation described in this letter. The data, as well as the MCFM computation, include all W ± events within the kinematic region restricted by the lepton transverse momentum p T > 25 GeV, pseudorapidity interval |η ℓ ± | < 2.5, missing transverse momentum p missing T > 25 GeV, and the transverse mass of the ℓ ± ν system m T > 40 GeV. While our calculation is consistent with the data, χ 2 /N data ≈ 0.6 (N data is the number of data points), the measurements are clearly not accurate enough and have a too coarse centrality categorization to draw conclusions to any direction at this stage.
Summary and Outlook
We have discussed the generic effects that mutually different spatial distributions of protons and neutrons in heavy nuclei are expected to induce in production of W ± bosons at the LHC. The proton density is known to fall off more rapidly than that of neutrons towards the surface of neutron-rich nuclei like 208 Pb which, as we have demonstrated, correlates with the sign of the produced W ± boson. Thus, the W ± production could 7 Figure 3 : The ratio between the positive and negative lepton cross sections from W ± decays for p l ± T > 25 GeV/c in 70-80 % (green) and 90-100 % (blue) centralities in p+Pb (left) and Pb+Pb (right) collisions, normalized with the MB result. The colour bands show the uncertainties of the 2pF distribution. From Ref. [2] .
Summary
We have studied the impact of the NS effect to the high-p T observables in nuclear collisions at the LHC. For the direct photons the NS effect yields only a small suppression for peripheral events, which is further masked by the nPDF uncertainties and their spatial dependence. The nPDF effects cancel out when considering the ratio between negative and positive hadrons, or the ratio between positive and negative leptons from W decays, and the impact of the NS effect is more pronounced. Modifications up to 20 % are expected, which should be large enough to be measured at the LHC if the required fine centrality binning can be performed. An intriguing possibility would be to use the NS effect to calibrate the centrality classification in different types of collisions, possibly including also the future electron-ion collisions.
